Two-dimensional (2D) turbulence measurement by using microwave imaging reflectometry (MIR) has been performed in the reversed field pinch (RFP) plasma in TPE-RX. In this work, the maximum entropy method (MEM) is used to estimate the 2D k-spectrum. The turbulences between the pulsed poloidal current drive (PPCD) and the high Θ plasmas are studied. The m = 1 modes are dominant in PPCD plasma, while in high Θ plasma the k spectrum expands to the high k range and the turbulence propagates in the electron drift direction. The preliminary result shows that PPCD plasma switches off the turbulence, and the high Θ plasma has strong turbulence.
Introduction
Microwave reflectometry, based on the radar technique, is a powerful tool to measure the plasma density profile and density fluctuation [1, 2] . In a reflectometry system, the launching wave is reflected by the cutoff layer in the plasma. The phase difference between the launching wave and the reflection wave can be detected, and the phase fluctuation is mainly modified by the density fluctuations near the cutoff region in the one-dimensional (1D) geometric approximation [1] .
However, two-dimensional (2D) configuration of the fluctuation may cause a complicated interference pattern on the detection plane due to the diffraction effects [1] [2] [3] [4] . Microwave imaging reflectometry (MIR) uses large aperture optical technique to correct the disturbed wave front. The image of the cutoff surface is made by the wide aperture lens onto the 2D detector array located at the detector plane. The feasibilities of MIR for 2D turbulence measurement have been investigated in theories and experiments intensively [1] [2] [3] [4] [5] [6] [7] .
To obtain the fine structures of the fluctuations, a big detector array is needed. However, the detector size is often smaller than the correlation length of the fluctuation. The measurement area in plasma is limited by the small window. On the other hand, the turbulent signals are often mixed with long distance correlation and short author's e-mail: shizb@swip.ac.cn distance correlation modes, leading to the complicated 2D cross-correlation function. The traditional two-point crosscorrelation can't distinguish the multiple modes. To obtain the useful information from the limited experimental data, it is necessary to develop a new numerical method to estimate the turbulence structures from the signals obtained by a few detectors.
In this paper, we have developed a MIR system to investigate the 2D turbulence in the reversed field pinch (RFP) [8] plasma in TPE-RX. The maximum entropy method (MEM) [9, 10] is used to improve the spectral resolution. The turbulences between the pulsed poloidal current drive (PPCD) and the high Θ plasmas are studied. The preliminary result shows that the PPCD plasma switches off the turbulence which agrees with the nonlinear MHD dynamo model [8] . The paper is organized as follows: Section 2 presents the MIR system in TPE-RX. The analysis methods are described in section 3. The turbulences between PPCD and the high Θ plasmas are discussed in section 4. The summary is given in section 5.
MIR System in TPE-RX
TPE-RX is a large RFP device with major radius R = 1.72 m and minor radius a = 0.45 m [11] . The experiments with MIR have been performed with the plasma current of 200 ∼ 300 kA and electron density of (0.5-1) × 10 19 cm −3 . Since the flat or hollow density profiles are often observed in PPCD and gas-puffing plasmas, the cutoff radius of 20 GHz is mainly located at r cut /a = 0.6 ∼ 0.9. This region is near the reversed field surface. It is useful for the calibration of the optical aberration of MIR system. Figure 1 shows the schematic diagram of the MIR system in TPE-RX [12] . It consists of a optical system and a 2D receiver system. The quartz window of the TPE-RX viewing port is located at r = 67 cm. The RF wave illuminating from the horn antenna is reflected by the first plain mirror (M 1 ). The RF wave passes through the first beam splitter (BS 1 ) to the main mirror (M 2 ). The main mirror, which is an elliptic concave mirror with the size of 40 cm in diameter at r = 140 cm, makes a parallel illumination beam in the plasma. The reflected wave is collected by the main mirror and is separated from the illumination beam by the first beam splitter (BS 1 ). The local oscillation (LO) wave and the reflected wave are mixed at the second beam splitter (BS 2 ). The image of the plasma fluctuation is made on the detector surface by the Teflon lens (L 1 ). The optical system has been designed and tested carefully, and good agreement between the measured beam profiles and those obtained by a ray tracing simulation was confirmed.
The receiver system consists of a planer Yagi-Uda antenna, a Schottky barrier diode, low pass filter, intermediate frequency (IF) amplifier and phase-detector. The YagiUda antenna array is made on the Teflon printed circuit board (PCB). On the design of antenna system, a computer code for electro-magnetic field is employed. The 4 by 4 2D antenna and detector circuits are made by the micro strip line technology, which enables high sensitivity measurement. 4 elements are set on a PCB with a distance of 12 mm, and 4 PCBs are stacked with a distance of 15 mm.
The spacial resolution of the detector array in the plasma is about 3.7 cm.
A Gunn oscillator generating the microwave with frequency of 20 GHz is used. The RF wave illuminates in the O-mode, so the cutoff density is n ecut = 0. 
Analysis Technique 3.1 2D cross-correlation
The two-point cross-correlation [13] is a standard analysis method to study the correlation between two fluctuations, given as
where the asterisk * denotes complex conjugation, n(ω, t) is the Fourier transform of the time series, i and j represent different channels. The cross-correlation spectrum array can be obtained by doing the cross-correlation between the reference channel and every channel in the detecting region. The cross-correlation spectrum is the inverse Fourier transforms of the power spectrum. According to the Wiener-Khinchin theorem, the power spectrum is the Fourier transform of the autocorrelation function, defined as
where, k x and k y are the toroidal and the poloidal wavenumbers, respectively. Γ(x, y) is the average autocorrelation array which is averaged over different reference channels. Figure 2 shows the 2D power spectrum estimated by equation 2. The spectrum is dominated by a broad peak with sidelobes. It may conceal the other modes which have small power density. Therefore, the standard Fourier transform fails to resolve the spectral peaks.
MEM
The power spectrum estimated by Fourier transform is similar as using a bandpass filter in the unknown autocorrelation function we want to solve. If one can extend the correlation measurements outside the measured region, the power spectrum with high resolution can be restored. One possible way is trying to find the filter coefficients by autoregressive method. However, the result is sensitive to the noise and is not very reliable sometimes. It may cause spurious peaks if we fail to set the convergence condition and fail to select the optimum order of the autoregressive filter. So far, many numerical methods such as autoregressive, maximum likelihood method and Pisarenko methods have been used to the power spectral estimation. Among them, 2D MEM is the most powerful and effective method because of better spectral resolution [9, 10] . In this study, the Skilling MEM will be used, because it is a model-free method which can give more reliable result than the other MEM algorithms, for example the method based on the autoregressive model. The entropy is defined as
The constrained statistic, chi-squared, is used to estimate the misfit between the experimental value and expectation value.
The entropy is changed to solve the following equation in maximum.
P(S ) = H(S ) − λC(S )
under the constraint of C → 0. Here λ is the Lagrange multiplier. Γ meas. is the 2D autocorrelation function given by equation 1. Γ aim is the autocorrelation function estimated by MEM. σ is the standard error of Γ meas. . χ tar. is the target to converge maximum of equation 5 within reasonable calculation time. The maximum condition is satisfied when Γ meas. = Γ aim and it is possible for the 1D MEM. However, the maximization process of equatio 5 in 2D array requires non-linear optimization. χ tar. should be equal to channel number but it is determined empirically for good convergence. This problem is solved iteratively by searching for maximum entropy over three well chosen search directions [10, 14] . Fig. 3 The power spectrum log(S (k x , k y )) of PPCD plasma obtained by MEM. The k x and k y are the toroidal and poloidal wavenumbers, respectively. Figure 3 shows the power spectrum log S (k x , k y ) estimated by using MEM in PPCD plasma. Note that the logarithm axis is used. The peak in the power spectrum is much higher than the background fluctuations. Therefore, the k-spectrum estimated by MEM has high 2D spectral resolution.
Turbulence of PPCD and High Θ Plasmas
The RFP configuration is generated by the relaxation process and sustained by the dynamo effect, which is driven by turbulences and instabilities. The RFP plasma can be also sustained by PPCD. The nonlinear MHD dynamo model is used to explain the dynamo mechanism [15] . This model assumes that the fluctuation induced electromotive force sustains the field aligned current against resistive decay. The parallel mean-field Ohm's law can be written as
where, η is the electric resistivity. j is the parallel equilibrium current,ṽ,B are the fluctuating fluid velocity and magnetic field, respectively. <> denotes the average over an equilibrium flux surface. <ṽ ×B > represents the dynamo term. E is the external electric field generated by PPCD. In PPCD operation, E drives the poloidal current, so that the Taylor state is sustained without the help of the dynamo. As a result, the dynamo related fluctuations can be suppressed. In high Θ plasma the dynamo is dominant. Here, the pinch parameter Θ is defined as the ratio of the poloidal magnetic field at the edge to the volume averaged toroidal magnetic field, Θ = B p (a)/ < B t >. The high Θ is defined as Θ > 1.6. The fluctuation becomes more coherent and the fluctuation amplitude of the magnetic probe is increased as the Θ is increased. The sawtooth crashes are often observed during high Θ operation [16] . The turbulences of PPCD and high Θ plasmas are compared between the 2D k spectra estimated by MEM. As shown in Fig. 3 , the spectral peak is observed at k x = Fig. 4 The power spectrum log(S (k x , k y )) of high Θ plasma estimated by MEM. The k x and k y are the toroidal and poloidal wavenumbers, respectively.
−3±3 m −1 and k y = 3±3 m −1 in PPCD plasma. The mode energy is limited at the low k range which suggests low turbulence in PPCD plasma. The dominant mode is m = 1/n = −7 with the error of Δm = 1/Δn = 7. This is the single helicity mode which is often observed in PPCD plasma in TPE-RX. Figure 4 shows the power spectrum log(S (k x , k y )) of high Θ plasma. The spectral peak is observed at k x = −3±5 m −1 and k y = −3±6 m −1 . The dominant modes are m = −1 ± 2/n = −7 ± 14. It is wider than that of PPCD plasma. Therefore, the spectrum of high Θ plasma expands to the high k range.
The reversed surface can be obtained by the modified Bessel function model [8] . Generally, the reversed surface is about r/a = 0.9 in the high Θ plasma, while it is about r/a = 0.8 in the typical PPCD plasma due to the driving of the external field. In PPCD plasma, the cutoff surface is about r/a = 0.85 due to the high electron density. MIR detects the density fluctuation outside of the reversed field surface. In the high Θ plasma, the cutoff surface is about r/a = 0.75 due to the low electron density. MIR detects the density fluctuation inside of the reversed field surface.
The evolutions of the tearing modes during a dynamo event have been discussed by using magnetic probe [11, 16] . Those observations show that the multi-modes will be excited during the dynamo event in the high Θ plasma. As shown in Fig. 4 , the wide k distribution denotes the presence of multi-modes in the high Θ plasma.
The expansion direction in k spectrum of the high Θ plasma is mainly in toroidal direction which indicates by an arrow shown in Fig. 4 . The magnetic field is mainly poloidal near the reversed field surface. The expansion direction is perpendicular to the magnetic field line. It is in the electron drift direction. Therefore, the turbulence in the high Θ plasma propagates in the electron drift direction. The expansion in high k range suggests the strong turbulence in the high Θ plasma. This result agrees with the nonlinear MHD dynamo model.
Summary and Discussion
In summary, 2D turbulences have been measured by using MIR in TPE-RX. The turbulences between PPCD and high Θ plasmas have been studied by using MEM, which provides high spectral resolution. The low k mode is dominant in PPCD plasma, while in high Θ plasma the spectrum is broad which suggests presence of multi-modes in the plasma. The k spectrum of the high Θ plasma expands to the high k range and the turbulence propagates in the electron drift direction. The preliminary result suggests that PPCD operation suppresses the turbulence, and high Θ plasma has strong turbulence. It agrees with the nonlinear MHD dynamo model.
MEM is a new technique to estimate the power spectrum. It allows us to fit as many peaks to the k spectrum as there are unique values of cross-correlation points. As a result, the location of peak k becomes clear especially when the imaged region is smaller than the wave measured. This technique is very useful and can be used in other imaging diagnostics. Nevertheless, MEM may make artefacts when the noise is very high and the detector size is much smaller than the cross-correlation length. To measure the fine structures of the turbulence, the high sensitive detector array with big size and high spatial resolution should be developed.
